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Work commenced on this program with Error! Bookmark not defined., and Kevin
Malloy of the University of New Mexico principal individuals involved.  Our first goal
was the further exploration of what had seemed a promising approach - the growth of
InSb quantum dot on GaAs substrates.  A previous study had suggested that quantum dot
behavior had been observed in earlier samples of InSb on GaSb growths.  Our study
began by investigating the formation of InAsSb three-dimensional growth on GaSb
substrates.  Experiments were conducted as a function of the As pressure and monolayer
coverage

By adjusting the arsenic
concentration in the dots it is
possible to obtain smaller
bandgaps than the parents
binary alloys formed by InSb
and InAs due to the large
bandgap bowing factor of the
ternary alloy.  Therefore, the
resulting quantum dots are
expected to show luminescence
at even longer wavelength than
the InSb quantum dots.  In this
figure, the trend of dots
formation as a function of the
Arsenic pressure and the
monolayers deposited is shown.
Since the arsenic incorporation
reduces the strain of the grown
material, the reduced dots
nucleation while increasing the

arsenic partial pressure during the growth indicates the formation quantum dots of the
ternary alloy InAsSb.  These images were obtained using AFM contact topography.  Each
image spans 2X2 µm2.

On the right is the
photoluminescence from one of the
“dot” samples.  The short wavelength
peak is the GaSb substrate.  While
the dot emission may be seen as a
strong, slight longer wavelength
emission, clearly the behavior of this
system is not the same as GaAs/InAs
where the dots emit at considerably
longer wavelengths than the host.

1.5              2.0              2.5 ML

7.0 10-7

3.3 10-7

0.0

As Pressure

Fig. 1  Dot formation as a function of As
pressure and and monolayers deposited

1.2 1.4 1.6 1.8 2.0 2.2 2.4

 

Wavelength, µm

In
te

ns
it

y

Fig. 2  Photoluminescence spectra from one of the
dot samples, showing differing behavior to the
GaAs/InAs system
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Work continued on this program with Error! Bookmark not defined. and Kevin Malloy
of the University of New Mexico as the principal individuals involved.  Our goal for this
quarter was the exploration of the band offsets in the Ga1-xInxSb/GaSb heterojunctions as
a function of the InSb alloy concentration, x.  Experiments consisted of growth of a series
of strained quantum wells (SQWs) where the alloy concentration, x and thickness, d of
the quantum wells were varied.  X-ray analysis was used to determine the composition
and thickness and to monitor the onset of relaxation.  Other samples with quantum dot
formation were discussed in previous reports.

Figure 3 above shows the (004) X ray diffraction for sample 182A. The red line is the
best-fit to the measured data (blue line). Based on analysis of the (004) and (115) XRD
diffraction, this layer is revealed to be coherently strained with a Ga1-xInxSb composition
of x=30%.
The photoluminescence from the Ga1-xInxSb strained quantum wells grown by MBE on
GaSb was taken with an FTIR while the samples were pumped with an Ar-ion laser.  The
10 K photoluminescence spectra from a multiple well sample and a single quantum well
sample grown using x=30% Ga1-xInxSb wells is shown in the next figure.  As expected,
the emission wavelength increases as a function of either the indium concentration or the
well thickness. The solid lines represent the expected luminescence obtained fitting the
experimental data to a single band, square well model.  As the indium concentration
increases, longer wavelengths are accessible. However, larger indium concentrations also
increase the strain of the well layer therefore limiting the maximum thickness of the well.
These samples do not display any luminescence other than the host GaSb recombination
signature.

-8000 -6000 -4000 -2000 0 2000 4000 6000

Fig. 3  (004) X ray diffraction for sample 182A
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Plans for next quarter are continuing this investigation by fitting the data to derive the
band offsets in this heterojunction system.

Work continued on this program with Error! Bookmark not defined. and Kevin Malloy
of the University of New Mexico as the principal individuals involved.  Our goal for this
quarter was the exploration of the band offsets in the Ga1-xInxSb/GaSb heterojunctions as
a function of the InSb alloy concentration, x.  Experiments consisted of growth of a series
of strained quantum wells (SQWs) where the alloy concentration, x and thickness, d of
the quantum wells were varied.  X-ray analysis was used to determine the composition
and thickness and to monitor the onset of relaxation.  Our initial results from
photoluminescence and x-ray diffraction were discussed in previous reports.

0.60 0.65 0.70 0.75 0.80

92•

Fig. 4  10K photoluminescence spectra from a multiple well sample and a single
quantum well sample grown using x=30% Ga1-xInxSb wells
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Figure 4 shows the photoluminescence results of our complete series of GaxIn1-xSb
strained well on GaSb as a function of the well thickness.  The solid lines represent the
best fit to the experimental measures obtained by a least square regression.

The experimental data are fit in order to obtain an estimate of the conduction and valence
band offsets.  We use the single band model in which the valence band and conduction
band are treated separately using a single-valued effective mass.  Within this single band
approximation, the transition energy is given by:

hh
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hhve
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cGaSbg EEEE δ∆−δ∆−= sinsin ,, ,

where Eg,GaSb is the energy gap of the GaSb barrier layer, ∆Ec, ∆Ev,hh are respectively the
conduction and heavy-holes valence band offsets and δe, δhh  are calculated from the
following transcendental eigen-energy equation:
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Here me(hh),well is the electron (or heavy hole) mass in the well, L is the thickness and N
the order of the solution (N=0 for the ground state).

The effective masses in the GaSb used in this equation are taken from the
literature, while the ones in the Ga1-xInxSb are obtained by linearly interpolating the
effective masses of GaSb and InSb.  The band offset for the conduction and the heavy-
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Fig. 5  Photoluminescence energy as a function of well thickness for GaxIn1-xSb
strained well on GaSb series
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hole valence band are then used as two independent fitting parameters to the
experimental data.  The best values for the offset are obtained by least square regression
and are reported in table 1 together with their tolerances.  Finally, the sensitivity of the
band offsets fit as the carrier effective masses are changed was investigated.  We found
that a change of 50% in the effective masses results in less than 10% change of the
offsets values.

Table 1 Least Square and deviation for the band offsets fit. Last entry is from ref. 1.

In ∆ E v , H H ∆ E c E c , G a S b-∆ E c σ v , H H σ c

% m e V m e V eV m e V m e V

8 21 .1 29.2 0 . 7 6 5 7 2.0 4.0

16 39 .8 65.6 0 . 7 6 5 7 0.6 1.2

21 46 .0 83.0 0 . 7 1 1 9 3.6 3.6

30 63 .5 120.0 0 . 6 7 4 9 1.2 1.6

35 58 .8 160.4 0 . 6 3 4 5 1.6 1.6

18 37 .0  --  --  --   --  

Plans for next quarter are continuing this investigation by comparing the fit data with
several theoretical models in the literature.

Work continued on this program with Error! Bookmark not defined. and Kevin
Malloy of the University of New Mexico as the principal individuals involved.  Our
investigation of the band offsets in the Ga1-xInxSb/GaSb heterojunction system as a
function of the InSb alloy concentration, x reached a conclusion resulting in the drafting
of a paper for publication.

Analysis was performed on experimental results from growth of a series of strained
quantum wells (SQWs) where the alloy concentration, x and thickness, d of the quantum
wells were varied.  Our experimental results from photoluminescence and x-ray
diffraction were discussed in previous reports. Our goal for this quarter was a comparison
of the experimentally determined offset with theoretically predicted offsets.

In order to compare experiment and theory, the band offsets for the strained Ga1-

xInxSb lattice matched to GaSb must be calculated from the natural (unstrained) band
offsets.  To do this we make use of the results from the Pikus-Bir Hamiltonian for a
strained semiconductor, from which the finite strained well subband energies are given
by1:

)( zzyyxxc0cc aEV ε+ε+ε−∆=
for the conduction band discontinuity and by

)()(

)()(

zzyyxxzzyyxxv0vLH

zzyyxxzzyyxxv0vHH

2
2
baEV

2
2
b

aEV

ε−ε+ε+ε+ε+ε−∆=

ε−ε+ε−ε+ε+ε−∆=
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for the heavy-hole and light-hole valence band discontinuity respectively, In these
equations,

xx1112zz

InGaSb

InGaSbGaSb
yyxx

CC2

a
aa

ε−=ε

−
=ε=ε

/
and ∆Ev0 is the natural band discontinuity of the heterojunction of the ternary
semiconductor given by:

∆E v 0(AxB1−xC) = xE v 0,AC + (1− x )E v 0,BC .

In order to compare with theory, the theoretical values of Zunger and Wei2 were taken
and the elastic constants and deformation potentials were likewise linearly interpolated.
The comparison is summarized in Figure 6 below.

This shows the experimental band offset values obtained from the least square fit
of the data (given in quarterly report 5) compared to the calculated band offset of strained
Ga1-xInxSb modeled as described above.  Agreement of our experimentally derived
offsets with previous studies and with the calculated offset give us confidence that the
square well fitting model for strined quantum wells is useful for InSb concentrations up
to 30% in the Ga1-xInxSb-on-GaSb heterojunction.  At higher In concentrations, however
this method becomes less reliable.  As strain increases in Ga1-xInxSb, only thinner layers
can be grown which generates greater uncertainty in the thickness and composition by
XRD measurement.  Moreover, since In can diffuse in the barrier layers, the composition
profile may differ substantially from an abrupt heterojunction profile on a larger fraction
of the well thickness to which this method is very sensitive.
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-0.2

-0.1

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

Ref.(1)

0K

InGaSb strained Band Offsets on GaSb

unstrained  

 

Ev,LH

Ev,HH

Ec

InSbGaSb

E
ne

rg
y 

(e
V

)

Lattice (A)

Fig. 6  Comparison of experimental and calculated band offset values
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Plans for next quarter are continuing this investigation by comparing the fit data with
several other theoretical models in the literature.

Work continued on this program with Error! Bookmark not defined. and Kevin
Malloy of the University of New Mexico as the principal individuals involved.  Our
investigation of the band offsets in the Ga1-xInxSb/GaSb heterojunction system as a
function of the InSb alloy concentration, x reached a conclusion resulting in a paper
submitted for publication.  The final manuscript is attached.

The figure below summarizes one aspect of our findings that was particularly
successful.  The figure shows the calculated and measured strain shift of the total

bandgap based on the strained quantum well calculations reported previously and referred
to in our manuscript.  In general, the compressive strain of the Ga1-xInxSb lattice matched
to GaSb increases the bandgap of the Ga1-xInxSb as shown.  The conduction band
hydrostatic and the valence band hydrostatic and shear deformation potentials control this
effect.  The figure emphasizes the consistency between a model using Vegard’s law to
estimate deformation potentials and elastic constants, and use of a single band model to
extract offsets and hence bandgaps from the strained quantum well experiments.  This
gives us confidence in the reported offsets.

In order to compare experiment and theory, the band offsets for the strained must be
calculated from the natural (unstrained) band offsets.  To do this we make use of the
results from the Pikus-Bir Hamiltonian for a strained semiconductor, from which the
finite strained well subband energies are given by1:

)( zzyyxxc0cc aEV ε+ε+ε−∆=
for the conduction band discontinuity and by

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.00
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Figure 7. Measured (squares) and calculated (line) variation of Ga1-xInxSb heavy-hole
strained bandgap versus the indium concentration.
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and ∆Ev0 is the natural band discontinuity of the heterojunction of the ternary
semiconductor given by:

∆E v 0(AxB1−xC) = xE v 0,AC + (1− x )E v 0,BC .

In order to compare with theory, the theoretical values of Zunger and Wei2 were taken
and the elastic constants and deformation potentials were likewise linearly interpolated.
The comparison is summarized in the next figure.

The figure shows the experimental band offsets values obtained from the least
square fit of the data in quarterly report 5 compared to the calculated band offset of
strained Ga1-xInxSb modeled as described above.  Agreement of our experimentally
derived offsets with previous studies and with the calculated offset give us confidence
that the square well fitting model for strined quantum wells is useful for InSb
concentrations up to 30% in the Ga1-xInxSb-on-GaSb heterojunction.  At higher In
concentrations, however this method becomes less reliable.  As strain increases in Ga1-

xInxSb, only thinner layers can be grown which generates greater uncertainty in the
thickness and composition by XRD measurement.  Moreover, since In can diffuse in the
barrier layers, the composition profile may differ substantially from an abrupt
heterojunction profile on a larger fraction of the well thickness to which this method is
very sensitive.

Plans for next quarter are continuing this investigation by comparing the fit data with
several other theoretical models in the literature.

We have studied the bandgap and band alignment of the semiconductor alloy GaInAsSb.
This alloy is technologically important for mid- and far-IR devices.  Compositions well
inside the miscibility gap of the solid solution were obtained by digital alloy growth
techniques and were studied by x-ray diffraction and photoluminescence.  Accepted
interpolation of the alloy bandgap shows to be inaccurate and a revision is presented.
Full details of the study are reported in the appendix.

GaInAsSb lattice matched to GaSb can be conveniently described by
(GaSb)z(InAs 0.91Sb0.09)1-z where z have a value in the range 0-1.  The presence of a
miscibility gap however limits the growth of a uniform alloy to composition of z<0.2 and
z>0.8 by use of conventional growth techniques. In the miscibility gap region, different
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species tend to segregate into islands of different composition and strain, which in
turn enhance even more the segregation processes.  This fact is clearly visible when the
XRD spectrum of a thin alloy layer is compared to the one of a thick grown layer.  To
overcome this problem and maintain a uniform composition on thick alloy layers, a
digital growth technique can be used. The importance of growing thick layers of
GaInAsSb resides in the fact that this material is used as both the absorber material and
the wave-guiding core in “W” InAs/GaSb laser structures.
In Fig. 8 we report the bandgap of GaInAsSb samples grown at composition of In=90%,
78.5% 52.5% and 100% (open squares) together with other data obtained from the
literature and previous studies (filled squares).

Figure 8  GaInAsSb alloy lattice matched to GaSb, squares are experimental data (open-this
study, filled-previous work): lines are the best fits: dashed-Meyer suggested fit, solid-best second
order fit to the data, Dots-second order inner matrix product.

The lines represent the best fit.  For this alloy Meyer suggested a best second order fit
given by:

Eg(z)=0.812(1-z)+0.346z-0.75z(1-z)  (1)

and is indicated in Fig. 1 with the dashed line.  A slight improvement to fit this dataset is
obtained, using the same second order equation but with a bowing value of -0.81 eV.
The dot line is obtained by using the inner matrix product fit given by:
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where the B's and C's were obtained from the literature while D was used as fit
parameter.
It is evident from figure 1 that a second order fit is not sufficient to accurately predict the
alloy bandgap and that higher orders are necessary.  Although it is possible to add a third
order to Eq. 1, the fact that some of the data may be quasi-lattice matched to the GaSb
substrate, makes questionable the use of a single parameter to characterize the alloy.
Equation 2 however, is free from such issues and the third order fit is given by:
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 Figure 9  GaInAsSb alloy lattice matched to GaSb, squares are experimental data (open-this
study, filled-previous work): the line is the best third order fit from the inner matrix product Eq. 3.

where four D coefficients are now needed.  Minimization of the error on the data
presented gives as a result:

Dij =
0.88 −5.71

−1.84 5.83

 

 
 

 

 
 

The resulting fit is reported in Fig. 9.
Since Eq. 3 is independent of the lattice-matched requirements, it can be used to map the
quaternary alloy in the entire compositional space. The result is reported in Fig. 10.
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InSb GaSb

GaAsInAs

Figure 10  GaInAsSb third order map obtained by using Eq. 3. Straight lines represent the
compositions that lattice-match to GaSb, InAs, and InP.

Measurements of valence band offsets were conduced by analysis of the
photoluminescence of thin layers versus their thickness.  From such analysis, the
GaInAsSb alloy lattice matched to GaSb, results to align as type II to GaSb over the
whole range of compositions.  Two trends are indicative of this situation: the decrease in
photoluminescence intensity as the thickness of the wells is increased, which is the
opposite trend of a type I alignment and is due to a decrease of the electron hole wave
function overlap, and the fact that the emitted wavelength can become longer than the
bulk alloy wavelength.
The offsets obtained in this study are reported in Fig. 11. The VBO is measured in
reference to the GaSb valence edge and the InAsSb end value here reported is obtained
from the literature. In this figure it is evident a strong change in the behavior of the band
alignment: for z<0.75, the VBO decreases quite linearly while above it, it drastically falls
to the lattice matched InAsSb value.
Further studies are in course to fully understand such behavior, however few conclusions
addressing W laser structures improvements can be drawn: increasing the indium content
of the quaternary absorber used (now about 25%) in order to increase the hole
confinement in the W layers, would result in a marginal benefit due to the shallow VBO
increase. On the other hand, the reduced bandgap would lower the energy required by the
electron to thermalize out of the W layers.
In conclusion, we have reported a detailed study of the technologically important
GaInAsSb alloy by mean of digital growth techniques and characterization by XRD and
PL spectra.
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Figure 11  Valence band offset of GaInAsSb lattice-matched to GaSb as obtained by PL single
band analysis.

This study showed that a second order interpolation of the alloy lattice matched to GaSb
does not accurately describe the bandgap and a revision was proposed.  Analysis of the
photoluminescence on thin samples indicated two quite different behavior of the valence
band alignment with a turn over point close to 75% indium.  This result should allow a
better understanding of the performances of “W” laser structures.
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APPENDIX:

Estimating the band discontinuity at GaInSb/GaSb heterojunction by
investigation of SQW photoluminescence.

G.P.Donati, R.Kaspi, K.Malloy
Center for High Technology Materials, 1313 Goddard St. SE, University of New Mexico,

Albuquerque NM 87106 USA

We have grown single quantum wells of strained Ga1-xInxSb (x<0.35) embedded in GaSb
by molecular beam epitaxy to investigate the photoluminescence and the band offset of
this heterojunction. The photoluminescence shifts to longer wavelengths when the well
thickness, or the indium content x, is increased. The band offsets of these heterojunctions
are estimated by fitting the photoluminescence data to a single quantum well model. Our
offset estimates support the theoretical prediction by first principles calculations for these
strained heterojunctions.
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As advances in the control of epitaxial growth are made, heterostructures based
on III-V antimonides have become strong candidates for mid and far-infrared (>3 µm)
opto-electronic device applications i.  Previous worki in these materials has used the
compressively strained Ga1-xInxSb alloy for tailoring optical and electrical characteristics
of structures grown on GaSb substrates. Accurate knowledge of electronic parameters,
such as bandgap, band offsets and effective masses, is therefore needed.  While reliable
estimates of bandgap and bowing parameter in this alloy are available in the literatureii,
experimental studies of the band-offsets are limitediii,iv.  This is partly due to the difficulty
of preparing large set of Ga1-xInxSb samples covering a wide range of compositions.

In this paper, we report a study of the photoluminescence (PL) of strained
Ga1-xInxSb quantum wells (QW) embedded in GaSb, where both the well thickness and
the alloy composition, x are systematically varied.  The PL spectra show that the
emission shifts to longer wavelength upon increasing either the indium concentration or
the well thickness.  Assuming that the band offset of a fully strained layer is a function
only of the alloy composition, the offset is used as the fitting parameter in a finite single
band square-well calculation to match the observed PL peak wavelength.  In this way, the
band discontinuity as a function of x is extracted and compared to theoretical predictions
obtained by combining Vegard’s law, the natural band alignmentv and the results of the
Pikus-Bir Hamiltonian for strained semiconductorsvi.

Samples were grown by molecular beam epitaxy (MBE). The growth rate and the
layer composition were calibrated using RHEED oscillations and subsequently confirmed
by x-ray diffraction (XRD). The layers were prepared on 10x10 mm2 GaSb:Te
substrates. After oxide removal, a 200 nm GaSb buffer layer was deposited at 570 C
followed by the GaInSb layer at 490 C. The layers were then capped with 100 nm thick
GaSb grown at 530 C.  Two different sets of samples were grown at each composition: a
(~10 nm thick) single QW (SQW) for XRD measurement of composition and thickness
and one with several QWs of differing thicknesses for PL measurements.  In these last
samples, the GaInSb QWs were grown starting from the thickest and ending with the
thinnest.  Figure A-1 shows the XRD measurement obtained for the x=0.3 alloy SQW
together with the best fit obtained by using x and the layer thickness as fitting parameters.
The fit, performed using the Takagi-Taupin dynamical diffraction algorithmvii, gives
values of x=0.2968 and thickness of 18.2 nm, close to the RHEED calibration values.
Additional XRD measurements taken at the <115> peak show that this layer is not
relaxed, consistent with the critical thickness of 27 nm predicted by energy balance
modelviii.

The PL spectra are collected at 10K by a Nicolet FTIR system with the samples
mounted in a helium-cooled cryostat and optically pumped with an Ar-ion laser (500
mW). Figure A-2 shows the PL spectra of the multiple QW sample at x=0.30 together
with that from the SQW used for XRD in Figure A-1.  The difference of the relative
intensity in the multiple QW PL spectra is unclear, but may be due to competing
generation and transport processes. For the multiple well samples, PL peaks are assigned
to the ground electron state-heavy hole recombination (E0-HH0) in each layer with the
longer wavelength emission originating from thicker wells.

In Fig. A-3, the PL peak energies, E(Li), of all the samples are plotted versus the
well thickness and grouped for wells of the same composition. The solid lines represent
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the energy difference obtained from a finite square well model for the E0-HH0
transition. This energy is given by
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where Eg,GaSb is the energy gap of the GaSb barrier layer, ∆Ec, ∆Ev,hh are respectively the
conduction and heavy-hole valence band offsets and δe,i, δhh,i  are calculated from the
transcendental eigen-energy equationix:
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Here, me(hh),well is the electron (or heavy hole) mass in the well, Li is the thickness and N
the order of the solution (N=0 for the lowest energy state).

In order to extrapolate the band offset, we use the effective masses (heavy holes)
for GaSb reported in the literatureii, while the effective masses for the GaInSb alloys are
obtained by linear interpolation of the GaSb and InSb effective masses ii.  The band offset
for the conduction and the heavy-hole valence band are then used as two independent
fitting parameters to the experimental values. Since the well and barrier bandgaps and
offsets are related by

EGaSb = EGaInSb + ∆E c + ∆E v,hh ,                   (A-3)
it would be sufficient to use only one band offset in the fit since both bandgaps are
known from literatureii. However using both offsets allows us to measure independently
the GaInSb bandgap and the ratio ∆Ev,hh/ ∆Eg.  The values for the offset are obtained
from a least square regression by numerically maximizing the error functionx:
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i
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The results are reported in Table A-1 together with their standard deviations.
In Fig. A-4 we plot the experimental offsets versus the alloy composition together

with the offsets obtained from theoretical calculations.  In order to do this, we first
determine the valence band alignment for the ternary compound by using Vegard’s law
applied to the natural valence band alignment of the binary endpoint semiconductors,

    ∆Ev0( AxB1− xC ) = xEv 0,AC + (1− x )Ev 0,BC (A-4)
The binary valence band alignment has been taken from the first principles all-electron
band structure model presented by Wei and Zungerv.  We include the effect of strain by
adding the Pikus-Bir strain interaction to the offset obtained by Eq. (A-4). Thus, for a
finite-well, the conduction subband energy discontinuity is given byvi:

)( zzyyxxc0cc aEE ε+ε+ε−∆=∆ ,           (A-5)
where ac is the conduction band deformation potential, while the valence subband energy
discontinuities are given by:
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for the heavy-hole and light-hole respectively.  Here, av is the valence band deformation
potential while b is the shear deformation term that removes the degeneracy between the
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light and heavy holes.  Finally the strain tensor components in these equations are
given by:
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where Cij are the elastic constants of the strained layer, aGaSb is the lattice constant of
GaSb and aGaInSb is the lattice constant of the alloy.  The values for the deformation
potentials and the elastic constants of the binaries are taken from Ref. [ii], and Vegard’s
law is used to calculate the values for the ternary alloy.

Results from previous studiesiii (also included in Table A-1) are consistent with
our measurements and modeling.  The offsets derived from our photoluminescence data
agree well with the offsets derived from the first-principles theoretical calculations when
combined with the empirical strain Hamiltonian.  This suggests that the simple single
band, square well model is a good description of this heterojunction system.  However,
for indium concentrations exceeding 30%, this technique becomes less reliable.  As the
strain increases in the GaInSb layer, only a few monolayers can be grown before
relaxation via dislocation formation takes place and introduces greater uncertainties in the
thickness and composition as measured by XRD.  Moreover, since the indium from the
well can diffuse into the barrier layers, the spatial composition profile may differ
substantially from an abrupt profile.

Finally in Fig. A-5 we plot the strain-induced change of the bandgap energy for
the Ga1−xInxSb alloy versus the indium concentration. These data, listed in Table A-2,
describe the change in the bandgap due to the valence and conduction band deformation
potentials and are obtained by subtracting the two independently determined band offsets
from the GaSb bandgap.

Deformation potentials are difficult to measure experimentally and in general are
only known for binary compounds.  In principle, an accurate measurement of the
unstrained valence and conduction band offsets would permit an experimental
determination of alloy’s deformation potentials by using equations (A-5) and (A-6).  The
converse is also true – accurate knowledge of the deformation potentials can allow
accurate determination of the natural band offsets.  Assuming the validity of our
approach, our analysis suggests that the natural InSb valence band edge lies at
−0.06±0.01 eV relative to the GaSb valence edge, which is 0.05 eV below the value
obtained by first principles, all-electron calculationv.

In conclusion, we have presented an approach to determining the band offsets in a
strained alloy system and showed that a single band model with linearly interpolated
deformation potentials explains the observed photoluminescence spectra of GaInSb/GaSb
strained quantum wells.  The deduced offsets were shown to be consistent with
theoretical predictions for this alloy system.
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Figure Captions

A-1 X-ray diffraction on (004) for Ga0.7In0.3Sb 182A thick. The bottom line is the
best-fit to the measured data (top line). Based on (004) and (115) XRD diffraction
analysis, this layer shows to be coherently strained.

A-2 10K photoluminescence spectra from a multiple well sample and a single
quantum well sample grown at 30% indium.

A-3 Photoluminescence of Ga1-xInxSb strained well on GaSb as a function of the well
thickness.  The solid lines represent the best fit to the experimental measures obtained by
least square regression of equation  (A-1) and (A-2). The fit values are collected in Table
A-I.

A-4 Band offsets values obtained by the least square regression (solid squares) of the
data in figure 3 compared to the band offset of strained GaInSb as modeled from the
literature (solid lines). Broken line is the best linear fit to the data, ? EV=(0.21±0.01)x.
Open circles are the values obtained by authors of ref. 3.

A-5 Measured (squares) and calculated (line) variation of GaInSb heavy-hole strained
bandgap versus the indium concentration.

Table A-1
Values of the band offsets and standard deviation (σ) obtained by the least square
regression on the data of figure A-3. Last entries are the values reported in ref. 3.

Table A-2
Deformation potential line coefficients for each composition. This line is given by taking
the difference of equations (A-6);  ? Eg/? xx=(ac+av)(1-C12/C11)+b(1+2 C12/C11). Here,
? Eg is the difference of the strained and unstrained bandgaps.
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Figure A-1 Donati et Al.
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Figure A-2 Donati et Al.
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Figure A-3 Donati et Al.
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Figure A-4 Donati et Al.
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Figure A-5 Donati et Al.
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Table A-1 Donati et Al.

I n ∆ E v , H H ∆ E c E c , G a S b-∆ E c σ v , H H σ c

% m e V m e V e V m e V m e V

8 21.0 29.4 0 .766 0.5 0.8
1 6 40.8 64.3 0 .731 3.2 4.2
2 1 43.4 86.0 0 .709 2.4 3.0
3 0 64.6 116.5 0 .678 1.6 1.8
3 5 59.6 161.5 0 .633 1.6 2.0
8 51 .6  --  - -   --  -- 

1 8 37 .0  --  - -   --  -- 
2 6 65  --  - -   --  -- 
3 5 85  --  - -   --  -- 
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Table A-2 Donati et Al.

I n (E g-E g 0)/ε x x 1-C 1 2/C 1 1 1 + 2 C 1 2/C 1 1

% eV [] [ ]

8 2 . 0 8 8 0.539 1.922
1 6 2 . 7 0 4 0.533 1.934
2 1 3 . 4 3 4 0.529 1.941
3 0 3 . 4 0 8 0.522 1.956
3 5 2 . 7 5 1 0.518 1.964
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